INTRODUCTION
Parkinson's Disease (PD) is characterized by the loss of nigral domapinergic neurons and the presence of Lewy Bodies (LBs) (1) . Five genes, a-synuclein, Parkin, DJ-1, PINK-1 and LRRK2, are conclusively linked to PD (2) . The link of yet another gene, UCH-L1, to PD is controversial. Leroy et al. (3) reported a missense I93M mutation in UCH-L1 associating with PD in a German family. However, studies worldwide failed to uncover another instance of this mutation, casting doubt on its pathogenicity. A polymorphism within the UCH-L1 gene, the substitution S18Y, is protective against PD in different populations, especially in early onset sporadic cases (4 -8) . However this finding has also been controversial (9) .
UCH-L1 is an abundant neuronal protein, a member of the Ubiquitin C-terminal Hydrolases (UCHs). In vitro data indicate that it indeed acts as a UCH (10) . The I93M mutant leads to a 50% decrease (3) , and the protective S18Y variant to a slight increase of this hydrolase activity (10) . Liu et al. (11) reported that wild-type UCH-L1 binds to alpha-synuclein and aberrantly ubiquitylates it at position K63, leading to its stabilization. The S18Y variant and the I93M mutant manifested, respectively, decreased and increased ability of K63 ubiquitylation, suggesting that this function may be critical to PD pathogenesis. In Aplysia, during the process of longterm facilitation, the levels of the UCH-L1 homologue are increased, and, presumably through association with, and enhancement of proteasomal activity, promote the degradation of cAMP-dependent protein kinase A (PKA) (12) . UCH-L1 binds to monomeric ubiquitin and in the gad mice, which lack UCH-L1 expression, monomeric ubiquitin is decreased, suggesting involvement in the stabilization of monomeric ubiquitin (13) . It is clear that UCH-L1 appears to be linked in some way to the ubiquitin -proteasome system (UPS). Given the evidence linking UPS dysfunction to PD (14) , the general assumption is that UCH-L1 is functionally linked to PD through this pathway. However, the potential role of UCH-L1 within the UPS and its interaction with the proteasome has not been rigorously examined in mammalian systems. Furthermore, the relationship of UCH-L1 to other pathophysiological processes related to PD, such as mitochondrial impairment and oxidative stress, also remains unknown.
We have undertaken this study in order to examine the possible functional association of UCH-L1 with the UPS in mammalian neuronal cell culture systems. We have begun with the hypothesis that, as in Aplysia, mammalian UCH-L1 may facilitate UPS function through an interaction with the proteasome, and that the mutants or variants identified in PD patients may alter this interaction. In the process of this work, we have confirmed that UCH-L1 acts as a stabilizer of free ubiquitin, but, unlike in Aplysia, it does not associate with the proteasome and does not promote its function. More importantly, we have uncovered a unique, specific ability of the S18Y UCH-L1 variant to act as a potent antioxidant in these neuronal cell culture systems, thus providing for the first time a link between this variant, which is protective in many human populations against sporadic PD, and protection from oxidative stress, linking genetic variations with environmental exposure in the pathogenesis of PD.
RESULTS

Expression of UCH-L1 and variants thereof in human SH-SY5Y cells
To assess the role of UCH-L1, we first performed transient transfections in SH-SY5Y cells, a well-characterized neuronal cell line. In addition to WT and S18Y, we also transfected C90S (a catalytically inactive mutant), I93M (the mutant identified in PD) and D30K (a mutant unable to bind ubiquitin) UCH-L1. All variants were Flag-tagged. As control, we used a vector encoding a myc-tagged inactive variant of the serine protease inhibitor PAI-2. Levels of all variants of UCH-L1 were comparable by western immunoblotting (Fig. 1A) . It has been controversial whether UCH-L1 overexpression stabilizes levels of free monomeric ubiquitin in cells (13, 15) . We observed an increase of monomeric ubiquitin, but not polyubiquitinated proteins, with all UCH-L1 transfections, except D30K (Fig. 1A) . The increase with C90S UCH-L1 just failed to reach statistical significance. We conclude that UCH-L1 and variants thereof increase levels of monomeric ubiquitin in cells in a fashion dependent on the binding of UCH-L1 to ubiquitin (13) .
To assess whether transient transfection would induce physiological amounts of UCH-L1, we compared levels of the overexpressed protein, migrating higher on the gel because of the Flag-tag, with the endogenous protein. The overexpressed protein was comparable with the endogenous protein (Fig. 1B) , therefore this approach does not lead to artificial gross overexpression.
We then assessed the immunostaining pattern of the variants of UCH-L1. In contrast to the diffuse staining seen with PAI-2, immunostaining of UCH-L1 and its variants with Flag occasionally showed a punctate-aggregated type of labeling. We define such labeling as focal accumulation of Flag immunostaining within the cytoplasm, usually in multiple discrete regions. Interestingly, such aggregated labeling was less apparent with the S18Y variant or the D30K mutant ( Fig. 2A  and B) .
To examine further the issue of the effects of UCH-L1 on ubiquitin, we performed immunostaining for ubiquitin following UCH-L1 transfection. There was indeed induction of ubiquitin immunostaining in cells expressing UCH-L1, and this was the case for all expressed variants except for D30K ( Fig. 2A,C,D) , confirming our western immunoblotting data. UCH-L1 immunostaining within the aggregates colocalized with ubiquitin ( Fig. 2A) , as previously reported (15) .
Because of a link between aggregation and neuronal dysfunction and death, and the idea that UCH-L1 may be toxic through a gain of function (11, 16) , we also assessed the effects of the overexpression of UCH-L1 or its variants on apoptosis. Although there was a trend for WT UCH-L1 to induce apoptosis relative to the control protein, this did not reach statistical significance (Fig. 2E) . There was also a trend for C90S and I93M, but not D30K or S18Y, to slightly enhance apoptosis compared with the control protein.
Therefore, expression of UCH-L1 and its variants leads to aggregation, but not to significant induction of toxicity in human neuroblastoma cells. Various forms of UCH-L1 lead to a similar induction of free ubiquitin in the cells in a fashion dependent on the binding to and stabilization of ubiquitin.
Overexpression of UCH-L1 or its variants does not significantly impact the proteasome
Hedge et al. (12) reported that in Aplysia the functional homologue of UCH-L1 associated with the proteasome and facilitated its function. To assess this issue in mammalian systems, we performed size exclusion chromatography (SEC). We detected UCH-L1 only in low (66 -68) and not high-molecular weight fractions containing the 26S proteasome (27 -47) (Fig. 3) . We conclude that in this cellular system UCH-L1 does not significantly associate with the proteasome, although we cannot completely exclude the possibility that a very small pool of UCH-L1, undetectable in our assays, could co-elute with the proteasome.
Because of the purported link between UCH-L1 and the UPS (see Introduction), we wished to assess whether UCH-L1 overexpression would have a functional effect on this system. For these experiments, we used a previously characterized SH-SY5Y cell line (17) , which stably expresses the UPS reporter GFPu and fluoresces upon proteasomal inhibition. We transiently expressed control or UCH-L1 constructs, and 24-h later applied low doses of the proteasomal inhibitor PSI. We used fluorescence-activated cell sorting (FACS) analysis to examine GFPu fluorescence only in transfected cells, identified by positive Myc or Flag immunostaining. The percentage of positive GFP labeling did not differ appreciably in cells transfected with WT or S18Y UCH-L1 variant compared with control (Fig. 4A) . Therefore, UCH-L1 overexpression in this system did not alter proteasomal inhibition. It has to be noted that GFPu fluorescence, although specific, may not be a very sensitive indicator of proteasomal dysfunction and that therefore small differences could have been missed. On the other hand, the trend is for UCH-L1 to slightly enhance GFPu accumulation, arguing further for the lack of a beneficial effect on proteasomal function.
To further confirm these results, we examined the effects of UCH-L1 on death induced by PSI. We again failed to see any change in the rate of death among constructs (Fig. 4B) .
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As a general pro-apoptotic strategy, we utilized the DNA damaging agent camptothecin (18) . Again, the UCH-L1 constructs failed to differentially affect survival compared with the control protein (Fig. 4B) . In conjunction, our results suggest that overexpressed UCH-L1 does not associate with the proteasome and does not alter UPS function in the face of pharmacological proteasomal inhibition. Furthermore, UCH-L1 overexpression does not influence apoptosis in this system.
S18Y UCH-L1 acts as a potent antioxidant in SH-SY5Y cells
We then wished to assess the sensitivity of cells expressing UCH-L1 variants against other insults that are relevant to PD, such as toxicity induced by MPP þ , the active derivative of MPTP, a mitochondrial toxin that induces Parkinsonism in humans and experimental animals (19) . Overexpression of WT or C90S UCH-L1 did not alter the sensitivity of SH-SY5Y cells to MPP þ , when compared with cells expressing the control PAI-2M. In contrast, a remarkable and consistent survival-promoting effect was seen with the S18Y variant (Fig. 5A ). This effect was specific, because, as mentioned, it was not observed when the cells were exposed to camptothecin or PSI (Fig. 4B ). Experiments performed with parallel exposure of S18Y-transfected cells to PSI, camptothecin and MPP þ confirmed these findings (data not shown). MPP þ is known to exert neuronal toxicity, in part, by the release of reactive oxygen species (ROS) from the mitochondria, as a result of complex I inhibition (19) . Given the specific nature of the protective effect of S18Y UCH-L1 against MPP þ , but not against proteasomal inhibition or DNA damage, we investigated whether expression of the S18Y variant could alter the induction of ROS after MPP þ exposure. We used as a sensor of ROS the dye DCF (20) , which reliably detected ROS generation after exposure to MPP þ or H 2 O 2 (Supplementary Material, Fig. S1 ). We found a specific reduction of ROS generation in the presence of S18Y, but not WT, UCH-L1 (Fig. 5B -D) . We conclude that S18Y UCH-L1 confers a protective effect on MPP þ -treated SH-SY5Y cells, likely via reduction of ROS generation.
We wished to ensure that the presumed antioxidative effects of S18Y variant could be demonstrated using another insult. To this end, we turned to hydrogen peroxide (H 2 O 2 ), which is a known pro-oxidant. Here, we also observed a significant protective effect and a reduction of ROS generation in cells transfected with S18Y, but not WT, UCH-L1 (Fig. 6) . These results confirm a specific antioxidant capacity of S18Y in human neuroblastoma cells.
In order to examine if the ubiquitin-binding ability or hydrolase activity contribute to the antioxidative effects of the S18Y 
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Human Molecular Genetics, 2008, Vol. 17, No. 14 variant, we introduced the S18Y polymorphism in a catalytically inactive or ubiquitin-binding deficient background constructing the hybrid variant mutants S18Y/C90S and S18Y/ D30K, respectively. As shown in Figure 7 , protection against MPP þ or H 2 O 2 treatments remained unaffected. Therefore, the previously identified UCH-L1 properties of ubiquitin hydrolysis and ubiquitin binding are not required for the protective effect of S18Y UCH-L1 against oxidative stress insults, further arguing for a novel antioxidant function conferred to UCH-L1 by the S18Y polymorphism.
Effects of the lack of UCH-L1 in mouse cortical neurons on ubiquitin, the UPS and differential sensitivity to stress stimuli
We wished to also address the normal function of UCH-L1. We therefore turned to primary cortical neuron cultures derived from gad mice, which lack UCH-L1 expression (21) . These mice demonstrate progressive ataxia and paralysis, due to involvement of the gracile nucleus and tract. Lysates of embryonic cortical neurons derived from these mice, as Ã P , 0.05, ÃÃ P , 0.01, # P , 0.001 compared with control PAI2M; in (B and C) comparisons were made using WT UCH-L1 as the control. These results were verified in three independent experiments. Human Molecular Genetics, 2008, Vol. 17, No. 14 2163 previously reported in brain tissue (13) , showed reduction of monomeric ubiquitin compared with littermate controls, whereas polyubiquitinated proteins did not differ appreciably (Fig. 8A) . We wished to investigate first whether an impact on proteasomal function could be observed in these cultures. Surprisingly, lack of UCH-L1 led to a small, but significant, increase of enzymatic proteasomal activity (Fig. 8B) . We also assessed the levels of a known substrate of the UPS, c-jun (22, 23) , and failed to find significant accumulation in neurons derived from gad mice (Fig. 8C) . Furthermore, there was no difference in the rate of death in response to proteasomal inhibition (Fig. 8D) . Given the antioxidant effects of the S18Y variant in neuroblastoma cells, the question arose whether such functions were latent in the endogenous wildtype protein, and would be uncovered when this was deleted. We therefore assessed sensitivity of these neurons to oxidative stress induced by hydrogen peroxide. There was no difference compared with neurons derived from littermate controls. Similar results were achieved after exposure to camptothecin or PSI (Fig. 8D) . We conclude that although the absence of UCH-L1 in cultured neurons leads to a reduction of free ubiquitin, this does not appear to have a functional impact on proteasomal degradation per se, perhaps because of a compensatory induction of 26S enzymatic proteasomal activity, and that a latent antioxidant capacity of WT mouse UCH-L1 could not be demonstrated.
The antioxidant protective effects of S18Y UCH-L1 are recapitulated in primary cortical neurons
To assess whether the antioxidant effects of the S18Y variant could be replicated in primary cortical neurons, we overexpressed in these cultures this variant or WT UCH-L1 or the control protein, and exposed the cultures to hydrogen peroxide. A significant and specific effect on survival and on ROS generation was seen again for S18Y, but not WT UCH-L1 ( Fig. 9 and Supplementary Material, Fig. S2 ).
DISCUSSION
In this work, we report the novel finding that the S18Y variant of UCH-L1, which is linked to protection from sporadic PD in many human populations, confers a significant antioxidant capacity that protects neuronal cells against oxidative insults. Our findings therefore are consistent with the idea that the S18Y variant of UCH-L1 confers a protective effect in humans through an antioxidant action and strengthen the notion that oxidative stress is a factor involved in certain forms of sporadic PD. To our knowledge, our present study represents the first in which a common polymorphism in a neuronal-specific gene is proved to confer a specific antioxidant capacity.
We do not believe that our results are due to non-specific effects of gross overexpression of the S18Y variant, as: (i) the levels of overexpression were comparable with endogenous UCH-L1 (Fig. 1) , likely because of the abundance of UCH-L1 in neuronal cells (10, 24) , (ii) the effects were very specific, as no protection was seen against other insults or with the WT protein. Therefore, our results suggest that the S18Y variant, when co-expressed with the WT protein in a heterozygote human carrier, will confer a significant, specific antioxidant capacity to the nervous system of that individual. Unfortunately, this idea could not be directly tested in specimens derived from human carriers, because of the specificity of expression of UCH-L1 in the nervous system and the testes.
Human UCH-L1 is 96% identical to its rodent homologue, however position 18 in rat and mouse UCH-L1 is alanine instead of serine. The substitution of serine with tyrosine, another aminoacid with uncharged polar side chains, is not expected to grossly alter the structure of the protein. The fact that overexpression of human UCH-L1 leads to upregulation of monoubiquitin, whereas lack of UCH-L1 in the gad mice leads to a reduction of free ubiquitin (13) and our own data presented here) suggests that the human and mouse UCH-L1 are functionally equivalent, at least regarding this function. As mentioned, overexpression of human WT UCH-L1 failed to demonstrate antioxidant capacity and lack of mouse UCH-L1 did not render neurons more susceptible to oxidative stress. Therefore, the S18Y polymorphism confers a novel antioxidant function to UCH-L1, which is not latent in the WT protein.
Our results with hydrogen peroxide and, especially, MPP þ , raise the interesting issue of the interaction between genetic susceptibility and exposure to environmental factors. Our data suggest that individuals exposed to environmental stimuli that induce oxidative stress may develop or not the disease depending on their genetic background regarding the UCH-L1 gene. Pesticide use has been linked to mitochondrial dysfunction and resultant oxidative stress, and in most studies confers a risk to develop PD (25) . In one study however by Elbaz et al. (5) , no significant interaction was found between the protective effect of S18Y in young-onset cases and pesticide use. More such studies are needed. In any case, other unknown pro-oxidant environmental factors may be crucial in this regard.
The mechanisms through which S18Y UCH-L1 exerts its survival-promoting effects against MPP þ and hydrogen peroxide are unclear. These effects are commensurate with the effects on ROS induction, but how this antioxidant capacity is conferred is unknown. Using a double mutant strategy, we have clarified that the known functions of ubiquitin hydrolysis and ubiquitin binding are not required for these effects. It is unlikely that the ligase function that has been reported for UCH-L1 is relevant, as S18Y exhibits this activity to a significantly lower extent compared with the WT protein (11) . 
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The antioxidant function of S18Y UCH-L1 may be direct or indirect. The presence of tyrosine may act as a sink for ROS (although tyrosine residues are not thought to be very active in this regard), or it may modulate the interaction with endogenous metals, such as iron, involved in ROS generation, or it may impact endogenous antioxidant responses. These mechanistic issues represent the focus of future investigations.
Regarding the impact of UCH-L1 on ubiquitin, our studies are consistent with those performed by Osaka et al. (13) , showing a reduction of monomeric ubiquitin in primary cortical neurons derived from gad mice, and an increase of free ubiquitin with overexpression of UCH-L1 in neuroblastoma cells, in a fashion dependent on an interaction with ubiquitin. These results contrast with those of Ardley et al. (15) .
The reasons for this discrepancy are unclear, but may involve cellular context. In any case, our data, together with those of Osaka et al. (13) and others (26) , further establish the fact that UCH-L1 acts as a stabilizer of monomeric ubiquitin in neuronal cells. The function of S18Y UCH-L1 as a stabilizer of ubiquitin does not appear sufficient or necessary for its antioxidant effect, as WT UCH-L1, which also stabilizes free ubiquitin to the same extent, is not protective against oxidative stress, and the double mutant S18Y/D30K is still protective, as mentioned earlier.
Our starting point for this study was the interaction of UCH-L1 with the proteasome in Aplysia, resulting in the facilitation of proteasomal function (12) . We however did not detect co-elution of UCH-L1 with the 26S proteasome. Furthermore, overexpression of UCH-L1 did not alter sensitivity to proteasomal inhibition-induced death or UPS substrate accumulation. Interestingly, lack of UCH-L1 in cortical neurons was associated with a slight induction of enzymatic proteasomal activity, raising the possibility that compensatory changes at the level of the 26S proteasome may account, in part, for the paucity of functional effects on the UPS by the lack of UCH-L1 and the resultant decrease of monomeric ubiquitin. Alternatively, in primary neuronal cells in culture the UPS may function quite normally in the absence of UCH-L1, even though levels of monomeric ubiquitin are lower, because these levels are not limiting under nonstressed conditions. A number of studies have reported a pro-apoptotic or antiapoptotic role of UCH-L1 in certain situations in non-neuronal cells and tissues (27, 28) . In our studies, UCH-L1 did not exert such effects in neuronal cells. Overexpression of WT UCH-L1 alone tended to increase baseline apoptosis, but this result was not statistically significant. The I93M mutant, linked to PD in one family, also failed to induce significant detrimental effects in our assays. Recently, a transgenic mouse expressing I93M UCH-L1 was found to exhibit increased neurodegeneration within the substantia nigra, raising the possibility of a toxic gain of function (27) . We have not detected such a function, but more prolonged periods of exposure may be needed for this to become manifest.
Apart from directly inducing apoptosis, a possible toxic gain of function of UCH-L1 could be due to protein aggregation. Consistent with the results of Ardley (15), we found that WT UCH-L1 induces smallish aggregates upon its overexpression in SH-SY5Y cells. The nature of these aggregates is unclear. We have not detected any clear induction of detergent-insoluble species on western immunoblotting of lysates of cells transfected with UCH-L1 variants using Flag antibodies (data not shown). Interestingly, the S18Y variant demonstrated less of a propensity to induce such aggregates; it may therefore be more available to exert effects in soluble cell compartments, and this may relate to its protective Comparisons between groups were made by one-way ANOVA with Scheffe post-hoc comparisons by using S18Y UCH-L1 as a control. Survival in case of mutant variants S18Y/C90S and S18Y/D30K did not differ significantly compared with S18Y variant, whereas it was significantly increased compared with WT UCH-L1; Ã P , 0.05, ÃÃ P , 0.01, # P , 0.001.
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Human Molecular Genetics, 2008, Vol. 17, No. 14 properties, although one would still have to account for the specificity of the effect against oxidative stress. In fact, the less propensity of this variant to induce protein aggregation and cell death, and its antioxidant effect confer unique attractive therapeutic properties to this molecule. Based on the fact that WT UCH-L1 is downregulated or inactivated in various neurodegenerative conditions (29) , and on the restoration of neurophysiological function in an animal model of Alzheimer's disease upon its overexpression (30) , it has been proposed that strategies increasing WT UCH-L1 levels may have therapeutic value in neurodegenerative conditions (31). Our results argue that overexpression of the S18Y variant may provide a better alternative. Our results have implications for the pathogenesis and treatment of PD and other neurodegenerative diseases where oxidative stress is thought to play a role. In PD, the significant protective effects of the S18Y polymorphism in young-onset sporadic cases suggest that in these patients oxidative stress may play an important role. In such patients, examination of the existence of this polymorphism may be useful in designing clinical trials with antioxidant therapies or in implementing such therapies only in those who do not harbor the polymorphism. Some studies suggest that the S18Y polymorphism may be protective in Huntington's disease and in Alzheimer's disease (32, 33) . This may signify that S18Y-modulated oxidative stress may also play a role in these diseases and, consequently, may be amenable to therapeutic intervention.
MATERIALS AND METHODS
cDNAs
Full-length human flag-UCH-L1 WT, C90S and I93M cDNA cloned into pCI-Neo vector between NheI and NotI sites, were generously provided by Dr K. Wada, National Institute of Neuroscience, Tokyo, Japan. The UCH-L1 point mutant pCI-flag-UCH-L1Asp30Lys, the polymorphic variant pCI-flag-UCH-L1Ser18Tyr as well as the polymorphic variant mutants pCI-flag-UCH-L1 Ser18Tyr/Asp30Lys and pCI-flag-UCH-L1 Ser18Tyr/Cys90Ser were generated by PCR-mediated site-directed mutagenesis, as described (34) and reintroduced into the same pCI-Neo vector. Sequencing verified the presence of the intended mutations and the absence of other nucleotide changes. The control PAI-2M cDNA cloned into pCDNA3-myc vector has been previously described (35) .
Culture of cell lines
SH-SY5Y human neuroblastoma cells and SH-SY5Y cells stably expressing a short degron, CL1, fused to the C-terminus of green fluorescent protein (GFPu), as a reporter for proteasomal function (17) were cultured in RPMI-1640 (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS), 1% L-glutamine and 1% penicillin -streptomycin (P/S; Invitrogen) in a 5% CO 2 atmosphere at 378C. Human
Knockout mice and genotyping
Heterozygote breeding pairs of þ/2 gad mice were generously provided to us by Dr K. Wada, National Institute of Neuroscience, Tokyo, Japan. þ/þ (wt) and 2/2 (gad/gad, KO) UCH-L1 neurons were obtained from Embryonic Day 16 (E16) mouse embryos resulting from heterozygous matings. Genotyping was performed on each individual embryo by polymerase chain reaction (PCR) with genomic DNA extracted from tails, as described (21), with minor modifications.
Cortical neuronal cultures
Cultures of rat E18 cortical neurons or embryonic mouse E16 cortical neuronal cultures were prepared as described previously (18, 36, 37) . Neurons were cultured in serum-free medium [SFM, B27-supplemented Neurobasal medium (NB) (Gibco) containing 0.5 mM L-glutamine and 1% penicillin/ streptomycin) and plated on poly-D-lysine-coated tissue cultures dishes. Cultures were maintained at 378C in a humidified atmosphere containing 5% CO 2 . Such cultures consist of at least 97% of neurons (18, 37) .
Transfection SH-SY5Y cells were transfected with UCH-L1 or PAI2M constructs alone or co-transfected with the gene of interest (UCH-L1 or PAI2M constructs) and fluorescent protein, either EGFP or RFP, in 3:1 plasmid DNA ratio, respectively, using Lipofectamine 2000 (Invitrogen)-DNA ratios as suggested by the manufacturer. Rat primary cortical neurons from E18 cultures were similarly transfected using Lipofectamine 2000, with some modifications. Briefly, a total amount of 1.5 mg DNA with a ratio DNA:Lipofectamine of 1:2 were added in Neurobasal medium (NB) (Gibco) without serum and supplements. Using the afore-mentioned ratio of plasmid DNA in the case of co-transfection, it was evaluated by immunohistochemistry that 95% of fluorescent protein positive cells co-expressed also the gene of interest. This percentage did not differ among the various constructs utilized. In the case of survival assessment by strip counts, the plasmid ratio of the gene 
Assessment of survival
After application of the above reagents, survival in SH-SY5Y cells was evaluated by strip counts of EGFP-positive cells at 0 and 16 or 24 h of application. In this method, we count the number of transfected cells in a defined area (the strip), and then go back and count the number of transfected cells in the same area some time later. We express viability as the percentage of transfected cells that remain at this second time point relative to time 0, and then normalize it for control cultures which have not been exposed to an insult. Alternatively, Hoechst staining was utilized; nuclei were considered apoptotic if they showed condensation, chromatin margination or clumping or fragmentation. Survival of cortical neurons was evaluated by propidium iodide (PI) staining (Fluka), which permeabilizes only dying neurons, or by cell lysis and counting of intact nuclei in a hemacytometer as described previously (18, 38) . The data are expressed as the percentage of the number of cells in the control cultures (i.e. cultures that were treated with no additives) at each time point. All counts were performed in a blinded manner. Cell counts were performed in triplicate and are reported as means+SD. All data shown are representative of at least three independent experiments.
Cell lysis
Cell lysates from SH-SY5Y cells or cortical neurons were prepared using a Dounse (Teflon, FALC, Treviglo, BG, Italy) homogenizer (30 s/sample) in lysis buffer containing 25 mmol/l Tris -HCL pH 7.6, 2 mmol/l ATP, 1 mmol/l dithiothreitol and 2 mmol/l MgCl 2 . The cell lysate was centrifuged at 10 000g for 5 min at 48C. Protein concentrations in supernatants (soluble fractions) were determined by using Bradford protein assay.
Western immunoblotting
Soluble material from cell lysates in sample buffer was used for western immunoblotting, as described (18) . Primary antibodies were: mouse monoclonal anti-ubiquitin [(1: 750; Chemicon, Temecula, CA, USA), anti-b-actin (1: 20 000; Sigma), rabbit polyclonal anti-20S proteasome b5 subunit (1: 1000; Affinity)], rabbit polyclonal anti-19S proteasome S5a subunit (1:1000; Affinity), mouse monoclonal anti-M 2 Flag (1:500; Sigma), rabbit polyclonal anti-UCH(PGP 9.5) (1: 2000; Affinity), rabbit polyclonal anti-c-jun (1:500; Santa Cruz).
Immunocytochemistry and fluorescent microscopy
Immunostaining and Hoechst labeling of SH-SY5Y cells and cortical neurons was performed as described (17, 18) . Primary antibodies were the following: rabbit polyclonal antiubiquitin (1:100; Dako, Glostrup, Denmark), anti-myc (clone 9E10, medium from hybridoma cell line; 1:4), mouse monoclonal anti-M 2 Flag (1:400; Sigma). Cells were finally rinsed twice with 1Â PBS and imaged with a Leica DMIRB inverted fluorescent microscope (Leica Microsystems, Bannockburn, IL, USA). Representative digital images were captured with SPOT digital camera (Diagnostic Instruments, Sterling Heights, MI, USA) and saved with SPOT software. In cases where comparisons were done across different conditions, care was taken to obtain images at identical exposure times.
Proteasomal activity assay
Primary cortical neurons were lysed as earlier in lysis buffer. The supernatants were collected for the measurement of the enzymatic chymotrypsin-like activity of the proteasome, essentially as described (34) , based on cleavage of proteasomal substrate III (Calbiochem), using a Perkin Elmer fluorimeter LC-55 with excitation at 380 nm and emission at 438 nm. Three independent reactions were performed for each sample, in the presence or absence of the selective proteasomal inhibitor epoxomicin (1 mM), and the mean of the difference between these measurements was recorded. Three independent samples from three different mice were assessed for each group. The results are reported as mean+SD.
Fluorescence-activated cell sorting
Cells fixed in suspension [transfected SH-SY5Y cells stably expressing GFPu, untransfected cells and cells treated with the specific proteasomal inhibitor PSI (50 nM for 18 h)] were used for FACS analysis, as described (39) . Primary antibodies were: mouse monoclonal anti-myc (1:400; Sigma) and mouse monoclonal anti-M 2 Flag (1:400; Sigma). Secondary antibody was goat anti-mouse IgG(HþL) conjugated with human PE ( 0.1 mg/10 6 cells; Beckman Coulter). Fixed cells (at least 13 000 events per sample) were analyzed for green (GFPu) and red (myc or flag) fluorescence in FACScan cytometer (Beckman Coulter) equipped with a single 488 nm Argon laser, recorded in list mode and registered on logarithmic scales. Green (GFPu) fluorescence was detected at FL1 channel and red (PE) fluorescence at FL2. GFPu background fluorescence, corresponding to cells transiently transfected with each plasmid in the absence of the inhibitor PSI, was subtracted from samples. Analysis was performed with CXP software (Beckman Coulter).
Assessment of oxidative stress
The determination of intracellular oxidant production was based on the oxidation of carboxy-H 2 DCFDA (DCFH) (Molecular Probes, Inc., Eugene, OR) to the fluorescent product, Human Molecular Genetics, 2008, Vol. 17, No. 14 2169 carboxy-2 0 ,7 0 -dichlorofluorescein (DCF) (40) . Cells were rinsed once with culture medium and cultures were exposed to culture medium without FBS containing 2 mM DCFH for 20 min at 378C. After DCFH labeling, the cells were rinsed twice, replenished with fresh medium and, after 30 min incubation at 378C, visualized under a fluorescent microscope (Leica DMIRB inverted fluorescent microscope, Leica Microsystems, Bannockburn, IL, USA). The percentage of RFP-transfected cells that showed green fluorescence (DCF positive staining) was assessed in each condition. Counts were performed in triplicate and are reported as means+SD. DCF labeling, under the conditions we have employed, gives extremely low background fluorescence in control cultures and extremely robust induction following oxidative insults. It is therefore quite straightforward to assign a particular cell a positive or negative fluorescence signal.
Quantitative analysis of fluorescence
To further solidify the binary assessment of cells as ubiquitinpositive or -negative and DCF-positive or -negative, we also, in select experiments, performed quantitative fluorescence analysis, following either DCF incubation or ubiquitin immunostaining. Following fluorescence image acquisition at identical exposure times across conditions, we selected at random 100 transfected cells per well, in three separate wells per condition, and acquired fluorescence signal intensity measurements in the green (DCF) or red (ubiquitin) spectra from individual whole cells using Image J software. Results are presented as means+SD.
Size exclusion chromatography
For SEC, cells were treated as described previously (41, 42) with some minor modifications. Lysates were injected into a Superose 6 10/300 GL column (Amersham Pharmacia) and fractions of 250 ml were collected.
Statistical analysis
Statistical analysis between groups was made by one-way ANOVA with Scheffe post-hoccomparisons for multiple comparisons or unpaired two-tailed Student's t-test for single comparisons with a probability value of ,0.05.
